Studying the ideal strength of nanostructured materials is important for understanding of their mechanical properties. We have performed ab initio modeling of nanoscale Si films with ͑100͒ surfaces and computed the surface energy and surface stress as well as the ideal tensile strength of the structure. The strength of the thin film is not significantly decreased down to a thickness of less than 1 nm. Surprisingly, there is also no considerable effect of the surface reconstruction. This suggests that the lower stresses found for surface crack nucleation in an experiment are due to substantial flaws and not an intrinsic effect of the ideal surface. The band gap energy of the thin film is lower than that of the bulk, but a band gap remains up to high strain in the thin film.
I. INTRODUCTION
Understanding the strength of materials from microscopic scale is essential for materials mechanics. Multiscale modelling for this issue has revealed that the behavior of materials in atomistic and/or electronic scale can play an important role in the mechanical properties. [1] [2] [3] [4] [5] [6] Moreover, with the advent of nanotechnology and materials structured on the nanometer scale, there is increasing interest in the microscopic understanding of the mechanical properties of such scales. 7, 8 Therefore, systematic investigations of the effect of the nanoscale structure on the mechanical properties of components are needed.
The ideal ͑theoretical͒ strength, which is, in general, defined for a perfect crystal subject to a uniform deformation as the stress at which an unstable deformation takes place, was originally discussed using simple interatomic potential. [9] [10] [11] Since the ideal strength, which is the highest attainable stress of the material, is a fundamental mechanical property, a lot of studies for various crystals have been performed, employing not only empirical potential [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] but also first principles ͑ab initio͒ methodology. [22] [23] [24] [25] [26] [27] [28] Through these efforts the ideal strength of perfect crystals has been well investigated.
Studying a perfect crystal is interesting and sets the limits but is certainly not sufficient for the clarification of the mechanical properties of real structured materials. The strength of materials is sensitive to their structure. It is therefore required to investigate the effect of the structure on the mechanical properties. As a first step we can consider structures with high symmetry. For this it is straightforward to expand the definition of the ideal strength to include the strength at instability of components with ideal structures. That is, we define the attainable stress of structured material as "ideal structural strength," and conduct precise evaluation by ab initio calculations.
In this study, we investigate tensile deformation of silicon nanoscale thin films with the aim to clarify the ideal structural strength of a surface. We carry out ab initio tensile simulations for freestanding silicon thin films with ͑100͒ surfaces and obtain their ideal structural strengths. The dependence of the strength on the tensile direction is investigated. Furthermore, density of states of the nanofilms under deformation is examined.
II. SIMULATION PROCEDURE

A. Simulation method
First-principles ͑ab initio͒ simulations for tensile deformation of silicon nanometer thin films ͑nanofilms͒ are performed. We use VASP ͑Vienna Ab-initio Simulation Package 29, 30 ͒ for the first-principles calculations, which is a DFT ͑Density Functional Theory [31] [32] [33] ͒ simulation package using a plane-wave basis set with ultrasoft pseudopotentials. 34 The cut-off energy of the plane waves is 300 eV. The exchange-correlation energy is evaluated by GGA using the Perdew-Wang function. 35 The validity of the methodology has been preliminarily confirmed by evaluating the properties of the bulk. For example, the calculated lattice constant is 0.5457 nm ͑0.543 nm 36 ͒, Young's modulus is 167 GPa ͑169 GPa 37 ͒, elastic constants are C 11 = 154 GPa ͑168 GPa 38 ͒, C 12 = 55 GPa ͑65 GPa 38 ͒, C 111 = −839 GPa ͑−825 GPa 39 ͒, C 112 = −5.1 ͑−4.8 GPa 39 ͒. In the parentheses are experimental values in the literature. The good agreement up to the thirdorder elastic constants supports the validity of the methodology we employ. Figure 1 shows simulation models for silicon nanofilms. Initially the atoms are arranged on the lattice points of the diamond structure with the lattice constant, a, of 0.5457 nm, then the atomic configuration is relaxed with the conjugate gradient method to have the p͑2 ϫ 1͒ asymmetric surface structure. The relaxed structures, where the normal stresses in the x and y directions, xx and yy , are zero, are shown in the figure and discussed later. The k-point grids in the Bril-louin zone selected according to the Monkhorst-Pack method 40 are 5 ϫ 9 ϫ 2, 5 ϫ 9 ϫ 2, and 9 ϫ 15ϫ 3 for 14-layer, 10-layer, and 6-layer models, respectively. Uniaxial strain is applied stepwise in the x direction, xx , with an increment of ⌬. The structure is fully relaxed at each strain under the free transverse-stress condition, yy = 0, to mimic geometrically the unconstrained tensile condition. The simulation of tension in the y direction is also conducted for the 14-layer model in the same manner.
B. Relaxation and tensile simulation
III. RESULTS
A. Relaxed structure, effective film thickness Figure 1 shows the relaxed atomic configurations of the thin film models. 41 The bond structures are also depicted in the figure by the cylinders that are drawn by the isosurface with the charge density of 0.425ϫ 10 3 nm −3 . The thickness and the length of the isocharge cylinders are almost the same both in the bulk and at the surfaces, meaning that the charge density is distributed equally.
Before one can compute the stress-strain curves of a thin film one has to face the following question: what is the thickness of the film? In macroscopic discussions this question is trivial, microscopically the thickness of the surface layer matters and requires specific treatment. The approach followed here takes a thermodynamics view in which the surface stress is balanced by bulk stress of a film of finite thickness. If all moduli, surface stresses and their derivatives are collected independently, the picture may be used to derive a definition of film thickness.
Changes in the simulation box size from the initial dimensions of the lattice, L x and L y , which are 0.772 and 0.386 nm, respectively, due to the presence of the surface and due to surface reconstruction are indicated in Fig. 1 . The surface reconstruction induces contraction in the x direction ͓͑011͔͒ and expansion in y ͓͑011͔͒ because of the arrangement of the dimer rows of the p͑2 ϫ 1͒ asymmetric surface structure.
Surface stress effects on the isotropic compression of a thin film have been discussed by Cammarata et al. 42, 43 based on a thermodynamic analysis. Here we extend their discussion to the anisotropic case and derive
where
and Ј are the elastic properties of the bulk when infinitesimal deformation in the x direction ͓͑011͔͒ is applied while the stress only in the z axis ͓͑100͔͒ is null; i.e., strain in the y axis ͓͑011͔͒ is constraint. EЈ is the second-order elastic modulus, = EЈ, BЈ is the ratio between the third-and second-order elastic modulus, BЈ =−͑‫ץ‬EЈ / ‫͒ץ‬ / EЈ, and Ј is the ratio of the
.34, and Ј = 0.359. x and y are the strains due to the surface stress, f x and f y are the surface stresses of Si͑100͒ surface ͑i.e., f x = ‫␥ץ‬ L / ‫ץ‬ x , ␥ L is the Lagrangian surface energy͒. The subscript naught stands for the values of the equilibrium state.
The surface stresses and their derivatives are calculated numerically from the the surface energy as a function of the strain, which is obtained by applying small strain, xx and yy , to the thin films. The obtained values are listed in Table  I . Substituting these constants and the values of deformation due to surface stress ͑in Fig. 1͒ into Eq. ͑1͒, the thickness of the films, t 0 , can be evaluated. The so-estimated thickness is listed in Table II together with nominal and mechanical thicknesses. The nominal thickness is calculated by the number of atomic layers times the thickness of a layer, which is assumed to be equal to the interlayer distance of ͑100͒ atomic planes in the bulk, a / 4. The mechanical thickness is explained and discussed in the next section. Hereafter in this section the stress of the thin films is evaluated using the thermodynamics thickness. Thickness of the initial unstrained configuration is used throughout the deformation process, i.e., nominal stress is used.
B. Tensile simulation in [011] direction
Figure 2 displays tensile stress-strain curves of the silicon nanofilms. The result of the single crystal is also shown. Young's moduli of the films, which is calculated by the initial inclination of the stress-strain curve, are listed in Table  III . The stresses in the models change smoothly with the increase of the strain, although the thicknesses of the films are only within 2.0 nm. The ideal strengths ͑maximum stresses͒ are also listed in Table III . Obviously stiffness and strength decrease with decreasing film thickness. Figure 3 shows changes in atomic and electronic configurations in the thin films under tension. For 14-and 10-layer models only the top half of the models are shown. In the 14-and 10-layer models, bond thinning is exhibited at site ␣ first ͑ = 0.10͒, followed by thinning at ␤ ͑ = 0.15͒. Interestingly, in spite of the changes in the interatomic bonds the 14-layer model shows nearly homogeneous deformation that is similar to that of the bulk. In the 10-layer model, it is observed that the thinning of the bonds propagates inward from site ␤ and causes fracture with bond breaking along the dashed curve in the figure. The 6-layer model gives bond breaking along the dashed straight line. This is apparently due to the bond breaking at site ␣ ͑and ␣Ј͒. Figure 4 shows the stress as a function of the strain in the 14-layer model under tension in the ͓011͔ direction. The results of the bulk and the 14-layer film in the ͓011͔ tension are shown for a comparison. The ideal tensile strength in the ͓011͔ direction is 12.96 GPa, which is close to that in the ͓011͔ direction ͑12.80 GPa͒. However, the decrease in the stress-strain curve occurs at smaller tensile strain, yy = 0.18, compared to that in ͓011͔, xx = 0.21. Figure 5 depicts the deformation that changes the surface structure from asymmetric to symmetric between yy = 0.18 and 0.20, which corresponds to the drop in the stress-strain curve. While the energy of the thin film with the strain of yy = 0.18 is only slightly lower than that with xx = 0.18 by 0.071 eV, the energy difference is increased to 0.307 eV at the strain of 0.22. This indicates the change of the dimer shape decreases the energy, which means that the thin film under high tension in ͓011͔ direction favors the symmetric dimer structure. Although the tensile stress sustains at about 11.5 GPa after the drop up to yy = 0.25 followed by the second drop, the thin film immediately leads to the fracture at Only the top half of the system is shown for 14-and 10-layer models. yy = 0.18 with the bond breaks along the dashed lines under tensile deformation with stress-controlled condition.
C. Tension in †011 ‡ direction
D. Change in electronic property under deformation
The density of states for the whole system under the deformation of ͓011͔ tension is evaluated for each model. The band gap energy is shown in Fig. 6 as a function of the strain. At the initial states, the band gap energy, E gap , of the nanofilms is lower than that of the single crystal, and the thinner film has the lower gap. E gap decreases with increasing tensile strain in all the models, and the strain at which the gap becomes null is higher in the thinner film. It is worth noting that the band gap in the thin film sustains up to higher tensile strain in spite of the lower band gap at the initial state than the bulk. Figure 7 shows changes in the band structure of the bulk and the 10-layer thin film under tension. The bulk has the indirect band gap structure at the initial state. This changes to a direct gap at = 0.01 and the gap is closed at ⌫. Surface states form a narrower indirect gap in the thin film and the film holds the indirect gap structure until the gap vanishes.
IV. DISCUSSION
Equations ͑1͒ and ͑2͒ do not include O͑ 2 ͒ terms of the surface stress contribution. This is justified because the surface energy is expressed well with a quadratic function, meaning that the contribution of the second-order term in the surface stress is negligible. On the other hand, the O͑ 2 ͒ terms of the elastic stress of the bulk part should not be omitted. To obtain the surface stresses and its derivatives with regard to in-plane strain listed in Table I , we take the average of the values obtained from the three models. We found good agreement for the surface energy, ␥, which is evaluated as 1.31 J / m 2 ͑in the literature one finds ␥ = 1.45, 44 1.38, 45 1.21, 46 etc.͒. The surface stresses, f x0 and f y0 , also show good agreement with those in the literature 47 ͑in Table  I͒ . The two equations, Eqs. ͑1͒ and ͑2͒, are constructed for the energy balance in the x and y directions, respectively. t 0 evaluated by both the equations should be identical, thus we can use both in principle. ͑‫ץ‬f y / ‫ץ‬ y ͒ 0 and ͑‫ץ‬f y / ‫ץ‬ x ͒ 0 are relatively less accurate, which is due to ͉f y ͉ being considerably small. Therefore we used Eq. ͑1͒ instead of Eq. ͑2͒ to avoid undesirable error in the estimation of the thermodynamics thickness. Although more precise calculations with increased numbers of k points and plane waves would be required to reduce the deviation, we do not pursue this because it is out of the focus of the paper.
In the previous section we evaluated the stress using the definition of the thickness based on thermodynamics. However, this is a macroscopic view and lacks the conception of atomic structure of the surface. In fact, the thicknesses evaluated with the thermodynamic concept ͑Table II͒ are larger than the distance between the uppermost and lowermost atoms in the films ͑see Fig. 1͒ . On the other hand, considering the atomic structure we can take a "mechanical view" on thin film strength. With the given reconstruction of the ͑100͒ surface, it is reasonable to assume that the dimerized surface layer does not contribute to strength and to regard the thin film structure, as schematically depicted in Fig. 8 . That is, assuming that the stress is distributed only to the shaded area of the films. Accepting this, we estimate the thickness of the films excluding the dimer layers on the top and bottom. The obtained values are listed in Table II. The stress of thin films under tension based on the mechanical view is then evaluated and shown in Fig. 9 . Surprisingly, the curves of the films up to = 0.1 are almost identical and close to that of the bulk. This means that the elastic properties of the interior of the film, excluding just the surface layer, are independent of the film thickness as long as the strain is not high. The existence of the surface does decrease the ideal strength but the effect is not large in the 14-layer film, the ideal strength of which is 15.2 GPa, only slightly lower than that of the bulk, 15.8 GPa. The ideal strength diminishes with decreasing film thickness ͑see Table  IV͒ . The decrease of the ideal strength in the extremely thin films under 1.5 nm thick can be explained by the fracture mechanism in Fig. 3 , which is the only case where fracture occurs from bond thinning induced by the surface structure.
Based on the mechanical view, we found that the surface does not considerably weaken the tensile strength although the surface is not perfectly flat with the dimer structure. Both the unevenness of the surface shape and the particular electronic structure produced by dimer rows have little effect on the strength. This allows us to surmise that a Si͑100͒ surface with another surface reconstruction, e.g., c͑4 ϫ 2͒, may hold high strains and lead to high strength as well. We can also expect the strength of other closed packed surface orientations, e.g., Si͑111͒, would not deviate much from that of the bulk. However, this would not necessarily be the case if the surface possesses a step, which causes a local stress field around the step edge leading to the decrease of the strength. 48 Lehmann et al. 49 have carried out experiments of crack initiation at Si surfaces by means of the surface acoustic wave ͑SAW͒ technique and observed surface cracks nucleated on ͑111͒ planes. The estimated critical stresses for crack initiation are of the order of 1.6 GPa. This is significantly lower than the order of the ideal strength evaluated in the present work, indicating that the experimentally observed surface crack cannot be associated with a homogeneous crack nucleation from a clean surface. While the experimen- tal evaluation has been performed for H-terminated surfaces, it should be unreasonable to conjecture the surface type is responsible for the considerable difference in the critical stress. There must be substantial flaws, such as step structures, since instability of dimer structure alone does not much affect the ideal strength. The crack initiation with the low critical stress must rely on stress concentration caused by the surface flaws. Another experimental work has been published by Komai et al., 50 reporting that the maximum fracture strength measured by bending tests of the singlecrystal Si͑110͒ microcantilever is 7.7 GPa. The fracture strength is still much lower than the ideal strength despite the experiment using well-polished microelements. They show the specimens possess surface roughness of 2 nm, which should be responsible for the low critical strength. Performing simulations for surfaces with flaws will be more relevant to explain the strength found in the experiments. However, there are numerous types of flaw to be concerned and investigating just several types will not be sufficient. Theoretical studies to cover a large variety of structures and defects are expected and will be our future task.
In the relaxed structure the band gap energy of the films are smaller than that of the bulk and the gap decreases with decreasing thickness. This may be explained as follows: While the ideal ͑100͒ surface has no band gap, dimerization by 2 ϫ 1 relaxation causes Peierls distortion that opens up a gap between and * . As the film gets thinner, the two dimerized surfaces start to interfere with each other electronically, resulting in incomplete Peierls distortion and a smaller gap. The vanishing of the band gap under tension stands for the conduction band descending to reach the Fermi energy level. In consequence the filling of the antibonding states takes place, which leads to weakening the stability of the bonding. This phenomenon, change in band configuration affecting the mechanical properties, has been discussed for other materials in some reports. 51, 52 In the case of silicon it is expected that a discontinuity in the stress-strain relation would occur when the band gap vanishes because the occupancy of the conduction band suddenly becomes 1. However, it is not obvious in the present work and the stress-strain curves are rather smooth. In the case of a Si single crystal under shear, a smooth stress-strain relation has been reported. 28 In the calculation the occupancy changes rather smoothly due to the smearing band occupancy around the Fermi level to avoid divergence in the self-consistent loop, which can cover up a slight cusp. In any case a strong cusp in stress-strain curves is not expected.
It is well known that calculations based on DFT underestimate the band gap energy in spite of the use of GGA. In fact, the band gap obtained here for the bulk at the initial state is 0.63 eV, which is about half the experimentally observed value ͑1.17 eV͒. Assuming that the flaw of the theory does not deteriorate the qualitative evaluation, we estimate that the curves in the figure would be shifted upward, which suggest that the thin films hold the band gap up to larger tensile strain. However, a modified theory, such as LDA+ U or GW approximation, would be necessary for a quantitative discussion on the band gap energy.
V. CONCLUSION
With the aim of obtaining fundamental knowledge of the influence of structure on mechanical properties, the ideal strengths of the Si nanofilms with ͑100͒ surfaces in ͗011͘ tension are obtained theoretically with ab initio simulations by means of the ultrasoft pseudopotential methodology with GGA. The ideal strength decreases only slightly with decreasing film thickness and little effect is found on the Young's modulus, meaning the surface as such is not much weaker than bulk. The presence of a flat surface does not decrease the ideal strength significantly unless one goes to extremely thin films under the thickness of 1 nm.
We found little difference in the ideal strength between ͓011͔ tension and ͓011͔, perpendicular and parallel to the arrangement of the dimer rows respectively, which indicates that the instability of the dimer structure alone does not much decrease the strength. We can speculate that Si͑100͒ flat surfaces possess high strength unless substantial flaws in structure such as steps producing a stress concentration are introduced.
The thin films hold the band gap energy up to the higher tensile strain than the bulk, although the initial band gap in the films is smaller. While the band structure due to the presence of the surface has little influence on the mechanical property, the electronic property in the thin film under tension is much affected by the surface states. Although we cannot make a quantitative discussion about the band gap due to the use of DFT, our results give interesting insight to the electronic property of thin film under deformation.
